Introduction 26 27
Aphids are host to heritable bacterial endosymbionts. The obligate endosymbiont Buchnera 28 aphidicola is indispensable for aphids because it provides essential amino acids that are 29 lacking from the phloem sap diet (Douglas, 1998) . Besides B. aphidicola, aphids may possess 30 one to several other, facultative endosymbionts, such as Hamiltonella defensa, Regiella 31 insecticola or Serratia symbiotica (Moran et al., 2005) . These are not strictly required for 32 aphid survival, but they can confer important ecological benefits to their hosts, such as 33 resistance to parasitoids or pathogenic fungi (Oliver et al., 2003; Scarborough et al., 2005; 34 Vorburger et al., 2010; Łukasik et al., 2013) , increased thermal tolerance (Montllor et al., 35 2002; Russell & Moran, 2006) or improved performance on particular host plants (Tsuchida et 36 al., 2004; Wagner et al., 2015) . Unlike B. aphidicola, whose phylogeny is congruent with that 37 of its aphid hosts, indicating exclusively vertical transmission (Moran et al., 1993; Clark et al., 38 2000) , facultative endosymbionts appear to undergo horizontal transmission at least 39 occasionally (Sandström et al., 2001; Russell et al., 2003) . Different routes of horizontal 40 transmission are available to endosymbionts. They can be transmitted via contaminated 41 ovipositors of parasitoids wasps (Gehrer & Vorburger, 2012) , and a study on whiteflies 42 suggests that oral transmission via the host plant may also be possible (Caspi-Fluger et al., 43 2012) , although this is yet to be demonstrated in aphids. Particularly intriguing is a result by 44 Moran and Dunbar (2006) , showing that when pea aphids (Acyrthosiphon pisum Harris) 45 undergo sexual reproduction in autumn, male-to-female horizontal transmission of H. defensa 46 and R. insecticola is possible during mating via the male's ejaculate. This occurred in two out 47 them into Falcon tubes filled with wet vermiculite. We prepared several twigs per clone 124 (depending on the number of gynoparae available), and each twig was colonized with five 125 adult gynoparae and sealed in a cellophane bag. The gynoparae then gave birth to the next 126 generation (G3) of sexual, egg-laying females (oviparae). Once the oviparae were adult, 127 crosses were performed by placing three adult oviparae from one clone with two adult males 128 from another clone on new twigs of E. europaeus, where the aphids mated and deposited their 129 eggs on the stems at the base of buds (Fig. 1) . In a first set of crosses, females from all four 130 symbiont-infected clones were mated with males from both uninfected clones to quantify the 131 fidelity of maternal symbiont transmission during sexual reproduction. In a second set of 132 crosses, females from both uninfected clones were mated with males from all clones with 133 facultative symbionts to test for horizontal male-to-female transmission at mating. All 134 crossing combinations and the number of crosses per combination are detailed in Table 1 . 135
When the oviparae and males had died and the twigs shed their leaves, we counted the 136 number of black eggs on each twig. Black color indicates healthy eggs that have started 137 development ( Fig. 1) , whereas unfertilized eggs or eggs failing to develop for any other 138 reason remain pale or decay. To spread the risk of losing crosses and to evaluate methods for 139 future crossing experiments, the egg-bearing twigs from each crossing combination were 140 assigned to three different overwintering treatments. For the first treatment, twigs with eggs 141 were surface sterilized by immersing them for 2 min in diluted bleach (0.5% sodium 142 hypochlorite concentration) to avoid fungal growth (Via, 1992) , rinsed with distilled water 143 and then placed in a sterile petri dish containing a moist filter paper that had also been 144 bleached and rinsed. Dishes were sealed with parafilm and placed in a climate-controlled 145 cabinet with a 10 h photoperiod first at a constant 10°C for 5 days, after which the 146 temperature was set at 4°C during the photoperiod and 1.5°C during the scotoperiod for 70 147 days. After this simulated winter, hatching of the eggs was induced by changing the rearing 148 conditions to 16 h light and 8 h dark at 14°C. When the eggs started to hatch, each egg-149 bearing twig was attached to a fresh spindle twig with young leaves inserted in a vermiculite-150 filled falcon tube and sealed in a cellophane bag, allowing hatchlings to crawl onto fresh 151 leaves and start feeding. When they had grown to sufficient size (2 nd to 4 th instar), aphids were 152 isolated individually on small spindle twigs and reared until they were adult and had produced 153 some offspring. Fundatrices were then collected into 1.5 ml Eppendorf tubes and frozen at -154 20°C for later analysis. Not all hatchlings survived to adult fundatrices, we therefore checked 155 developing aphids daily such that dead individuals could be collected quickly and were still 156 suitable for symbiont detection. 157
The second overwintering treatment was identical to the first except that we omitted the 158 bleaching and simply placed the untreated twigs into Petri dishes with a filter paper moistened 159 with distilled water. For the third treatment, aphid eggs were simply exposed to the natural 160 winter conditions outdoors. We inserted the spindle twigs with eggs into narrow (1 cm 161 diameter) vermiculite-filled tubes, arranged the tubes in a tube rack and placed the rack inside 162 an insect rearing cage (BugDorm 42222-F, MegaView Science, Taiwan) to prevent 163 colonization by other arthropods. The cage was then mounted on 3 November 2011 at 2 m 164 height on the stem of a small tree in a hedgerow on the institute's campus. It remained 165 outdoors until it was returned to the laboratory when hatching started on 13 March 2012. 166 After that, hatchlings were treated identically to those of the other overwintering treatments. 167
The winter these eggs had spent in the field was relatively mild except for a severe cold spell 168 from late January to mid-February, when temperatures did not rise above 0°C for 16 days and 169 the lowest temperature measured at the nearest weather station reached -16.9°C 170 (Supplementary online material, Fig. S1 ). 171
Endosymbiont detection 173
Presence or absence of secondary symbionts in fundatrices was determined by diagnostic 175 PCR reactions, amplifying part of the 16S ribosomal RNA gene with symbiont-specific 176 primers. DNA was prepared by grinding aphids in between 30 µl (for the smallest nymphs) 177 and 100 µl (for adults) of 5% Chelex solution with 5 µl of Proteinase K (10 mg/ml). After 178 incubation at 37°C for at least 6 h, samples were incubated at 65°C for 15 min and finally 179 boiled for 6 min. DNA preparations were stored at -20°C until use. PCR reactions were 180 carried out in 10 µl volumes with cycling conditions as described in Ferrari et al. (2012) were surface-sterilized with bleach prior to sealing them in dishes (10.1%). The hatching 216 success of the outdoor overwintering treatment was intermediate (26.6%). We observed no 217 significant interactions between these effects on hatching success (complete analysis available 218 as Supplementary online material, Table S1 ). 219
The outcome was very similar for crosses between uninfected females and males 220 possessing facultative endosymbionts, from which we overwintered 1172 fertilized eggs 221 producing 412 fundatrices (35.2%). Hatching success differed significantly between the two 222 maternal clones (F 1, 52 = 4.223, P = 0.045), but not among paternal clones (F 3, 52 = 1.143, P = 223 0.340) (Fig. 2c) , and it was influenced by overwintering treatment (F 2, 52 = 10.791, P < 0.001), 224 following the same pattern as for the other crosses (Fig. 2d) . Again, no significant interactions 225 were observed (Table S2) This symbiont may be special, however, because in addition to the non-cultivable, fully 263 internalized endosymbiotic strains, cultivable strains have also been described that may occur 264 as gut symbionts of aphids rather than true endosymbionts (Foray et al., 2014; Renoz et al., 265 2015) . Such strains could feasibly be lost more frequently. 266
Another caveat about our maternal transmission results is that hatchling fundatrices from 267 the same cross were feeding on the same spindle tree twig for a short period of time before horizontally from their sisters. While this would be interesting to know from a mechanistic 275 point of view, it does not invalidate our estimates of transmission rates, because hatchlings 276 from multiple eggs developing in close proximity on the same twig corresponds to the natural 277 situation experienced by black bean aphids in the field. 278
Our results from black bean aphids are also consistent with those of Peccoud et al. (2014) 279 from pea aphids in that paternal transmission of facultative endosymbionts to the progeny was 280 exceedingly rare. This differs from the results of Moran and Dunbar (2006) , where in two out 281 of nine crosses with pea aphids the paternal endosymbiont was acquired by a substantial 282 fraction of the progeny. We cannot offer an explanation for these differences other than the 283 rather trivial point that different symbiont strains and aphid clones were used in each 284 experiment, and that they may vary in their propensities for horizontal transmission or for 285 acquiring new symbionts, respectively. We are also confident that we did not miss any 286 paternally acquired infections due to low titers. At least for H. defensa it was shown that 287 endosymbiont populations show rapid exponential growth during aphid development (Schmid 288 et al., 2012) , such that they should have been readily detectable even if the initial inoculum in 289 the egg was small. Thus, together with the results by Peccoud et al. (2014) , our results suggest 290 that sexual transmission may be less important as a route of lateral transfer for aphid 291 endosymbionts than originally assumed. That said, even very low rates of horizontal 292 transmission via this route can be important evolutionarily. 293
With just a single exception to the general pattern of maternal as well as paternal 294 transmission it is of course difficult to exclude that these exceptions in our study resulted from 295 experimental error (e.g. mislabeling of samples), although we did our best to avoid such 296 errors. The interpretation of the experiment would hardly change, however, if we assumed the 297 13 two exceptions resulted from experimental error and the rates of maternal loss or paternal 298 transmission were in fact zero. We would still conclude that these events may occur, albeit 299 only rarely (95% CIs would be 0 -0.018 and 0 -0.009 for maternal loss and paternal 300 transmission, respectively). Because part of the eggs were overwintered under natural 301 conditions outdoors, we are confident that this conclusion is not only valid under laboratory 302 conditions. Frequent loss during sexual reproduction is thus unlikely to be a significant factor 303 in explaining why H. defensa and R. insecticola only occur at low to intermediate frequencies 304
in black bean aphid populations (Vorburger et al., 2009) . It is more likely that under certain 305 environmental conditions (e.g. low risk of parasitism), the benefits are outweighed by the 306 costs of harboring these symbionts (Oliver et al., 2008; Vorburger & Gouskov, 2011; 307 Cayetano et al., 2015) , such that their possession becomes a net liability and is selected 308 against at least periodically. 309
The experiment also yielded some useful practical information for optimizing future 310 crossing experiments with black bean aphids. Surface sterilization of pea aphid eggs with 311 bleach was used successfully by Via (1992) to minimize fungal growth during the long cold 312 treatment, resulting in a high hatching rate of 60% on average. In our case, overall hatching 313 rates were lower, and bleaching clearly did more harm than good. Although the bleaching 314 delayed the onset of fungal growth on the egg-bearing spindle tree twigs (C. Vorburger, 315 personal observation), we observed some fungal growth also in petri dishes with bleached 316 twigs towards the end of the overwintering period, and the hatching success of eggs was much 317 lower compared to unbleached eggs that were otherwise treated identically. The concentration 318 of the active compound sodium hypochlorite in our sterilization treatment was similar to that 319 of Via (1992), but we did not detach the eggs from the plants they were deposited on for 320 overwintering. It is possible that some of the bleach was absorbed by the spindle tree twigs, 321 thus did not get removed by rinsing, and then exerted a negative effect on the eggs during the 322 14 overwintering treatment. Although the hatching success was somewhat lower than from 323 unbleached petri dishes overwintered indoors, we were pleased that the outdoor overwintering 324 treatment yielded numerous live fundatrices from all but two crossing combinations. This 325 overwintering treatment was by far the least labor-intensive and did not require any indoor 326 controlled temperature space. If economy of time and space are important, as for example in 327 large crossing experiments with many different parental genotypes, the outdoor overwintering 328 of eggs under natural conditions could thus be a valuable alternative to more involved 329 procedures in the laboratory. A disadvantage of this method, however, is that the timing of 330 crossing experiments is constrained by the natural seasons. 331
To conclude, knowledge about the effectiveness of maternal and paternal transmission of 332 bacterial endosymbiont during sexual reproduction has so far been restricted to the pea aphid, 333
Acyrthosiphon pisum (Moran & Dunbar, 2006; Peccoud et al., 2014 
